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Introduction
With the rapid development of spintronics, the iron nitrides have attracted considerable interest due to its potential applications in the spintronic devices. [1] [2] [3] [4] [5] [6] [7] Among them, γ′-Fe 4 N has been paid much attention as a ferromagnetic electrode.
Highly enhanced negative spin polarization of transport electrons in γ′-Fe 4 N has been theoretically predicted. 8 The spin polarization of γ′-Fe 4 N(100) lattice measured by point-contact Andreev reflection is 60%. 9 The γ′-Fe 4 N Curie temperature of 767 K makes it a suitable material for practical applications. Recently, the current-induced magnetization switching was reported in the magnetic tunnel junctions (MTJ) with the γ′-Fe 4 N free layer. 10 The structure, magnetic properties and tunnel magnetoresistance of the MTJ based on γ′-Fe 4 N electrode were also investigated. 2, 3, 11, 12 Negative anisotropic magnetoresistance (AMR) has been observed in the epitaxial γ′-Fe 4 N films due to the spin-down conduction electrons. [13] [14] [15] Meanwhile, a rectangular-like AMR was reported in epitaxial γ′-Fe 4 N/CoN bilayers. 16 Up to now, no papers reported the anomalous Hall effect (AHE) of γ′-Fe 4 N films.
The AHE in ferromagnetic materials has received intense renewed attention in recent years due to its intrinsic physics related to asymmetric scattering of spin-polarized electrons and technical applications. 17 The Hall resistivity (ρ xy ) 4 follows the phenomenological equation
where the first term is the ordinary Hall resistivity from the Lorentz force and the second one is the anomalous Hall resistivity (ρ AH ) that is proportional to the out-of-plane magnetization of the ferromagnetic film. 18 In order to identify the AHE mechanisms, the scaling law between ρ AH and ρ xx is usually given as
Skew scattering mechanism leads to γ=1, 20 while both scattering-dependent side jump and scattering-independent intrinsic mechanisms yield γ=2. [21] [22] [23] The intermediate values 1<γ<2 accepted as a superposition of these mechanisms. In the recent theoretical investigation on AHE, 24 the scaling law of the AHE is expected to depend on the longitudinal resistivity (ρ xx ) of the ferromagnetic materials. The magnitude of ρ xx of the γ′-Fe 4 N film is about 10 3 µΩ cm at room temperature, which lies in the middle region between the Fe (10 µΩ cm) and Fe 3 O 4 (10 4 µΩ cm) films.
The AHE of Fe and Fe 3 O 4 films has been investigated in details, which is in good agreement with the unified theory of the AHE. 25, 26 However, the origin of AHE in 
Experimental section
γ′-Fe 4 N films with different thicknesses t were fabricated on glasses, natural oxidized Si, and MgO(100) wafers by a DC reactive facing-target sputtering method from a pair of pure Fe (99.99%) targets. The sputtering pressure was kept at 1.0 Pa with an Ar (99.999%) and N 2 (99.999%) gas mixture. The Ar and N 2 gas flow rates were fixed at 100 and 20 sccm, respectively. The substrate temperature was set at 450 o C. The film thickness was determined using a Dektak 6M surface profiler and confirmed by the transmission electron microscopy (TEM). The deposition rate was 0.08 nm/sec. The structure was analyzed by X-ray diffraction (XRD) with Cu K α and I was the applied DC current. For excluding the contact resistance, the real Hall resistivity was obtained by subtracting the Hall resistivity measured at the negative magnetic fields from that measured at the positive magnetic fields, then divided by 2 because the magnetoresistance is an even function of magnetic field.
Results and discussion ) substrate is recorded. In the right inset of Fig. 1(b) , the relevant strong diffraction peaks indicate that all the films are epitaxial.
In order to observe the growth mechanism of the reactively sputtered polycrystalline γ′-Fe 4 N films, the cross-section SEM image of the films on Si is given in Fig. 2(a) . In Fig. 2(a) , Fe 4 N grains grow with a columnar structure, which is similar to the growth manner of Fe 3 O 4 grains using reactive sputtering. 27 In Fig. 2(b) , it is clear that the disordered grain boundaries exist between the grains. Meanwhile, the density of the grain boundaries increases with the decrease of film thickness. antiferromagnetic coupling. 7 In this case, the experimental data of both the epitaxial and polycrystalline films satisfies the T 2 law at the low temperatures, which suggests that the ρ xx mainly comes from the thermal disordering of the localized ferromagnetic moments and/or electron-electron interaction. In the high-temperature range, the ρ xx -T curves satisfy the T n relation, where n is smaller than 1. This relation suggests that ρ xx should be from the electron-phonon scattering and the slop of ρ xx -T curve decreases with the increased temperature because if T n (n>1) phase is in ρ xx -T curves at high temperatures, the slop of ρ xx -T curves should increase with temperature, so only T phase can be considered in the ρ xx -T curves. to 350 K, ρ AH increases with the increase of temperature. It should be mentioned that the ρ AH (T) show a strong dependence on temperature for both epitaxial and polycrystalline in contrast to Fe samples. 25 The value of room temperature ρ AH 
In Fig. 5(b) , we plot the ρ AH /m-ρ xx curves in a log-log scale. We can see that all data have collapsed along a straight line with γ=2.25. Therefore, the nonlinear scaling relation of the epitaxial γ′-Fe 4 N films at high temperatures results from the In order to clarify whether the AHE current in γ′-Fe 4 N films is dissipationless, it is necessary to factor out the carrier density n. Based on the simple theoretical model proposed by Noziéres and Lewiner, 28 AHE current can be expressed as
where λ is the enhanced spin-orbit parameter, e is the electronic charge, E is the crossed electric fields, S is the electron spin, the electron carrier density n was calculated using the formula n=−1/R 0 e, where R 0 is the ordinary Hall coefficient. Conventionally, the quadratic dependence of ρ AH /n on ρ xx was considered as the dissipationless nature of AHE current. 29, 30 The slope of β=2.41 in the epitaxial γ′-Fe 4 N films indicates that the AHE conductivity is scattering-dependent.
In order to clarify the effect of the grain boundaries scattering on the scaling law, we perform the measurements on the polycrystalline films fabricated at the same conditions. Fig. 5(d) shows the scaling law of the polycrystalline γ′-Fe 4 N films with different t. The ρ AH -ρ xx curves revealed significant influence of film thickness in contrast to epitaxial samples, which can be attributed to the different grain relation can be observed in the high-temperature region. After considering the effect of magnetization, the ρ AH /m-ρ xx curves can be linearly fitted in the entire temperature regions, and is also thickness-dependent, as shown in Fig. 5(e) . We now focus on the scaling exponent γ>2 in γ′-Fe 4 N films. The scaling exponent γ>2 was usually observed in heterogeneous ferromagnetic systems, e.g.,
γ=3
.7 in the Co-Ag granular films, 31 γ=2.6 in the Fe/Cr mutilayers, 32 γ=5.7 in the Co/Pd multilayers. 33 The spin-dependent interfacial and surface scattering on AHE were considered to account for γ>2 in the ferromagnetic heterogeneous systems. 31, 33 In Fig. 6 , we plot the ρ AH -ρ xx curves of both the epitaxial and polycrystalline γ′- 
which separates out the temperature-independent residual resistivity (ρ xx0 ) from the different contributions to the measured AHE transport data. As shown in Fig. 7 , the data fits quite well with the new scaling for both the epitaxial and polycrystalline Fig. 9(a) . The intrinsic contribution is 276 and 196 S/cm for epitaxial and polycrystalline samples respectively. The large intrinsic contribution in epitaxial sample can be attributed to its homogenous structure. 19 In order to clarify the effect of impurities scattering on AHE, Fig. 9(b) and (c) shows the ρ AH -ρ xx curves at 5 K with different t for both the epitaxial and polycrystalline samples respectively. By fitting the data to a straight line, we obtained the slope value γ=2.01 for epitaxial samples and γ=1.87 for polycrystalline samples indicating the less contribution from skew-scattering to AHE. Therefore, we suggest that the side-jump and intrinsic mechanisms are dominant in both epitaxial and polycrystalline samples.
Conclusion
In conclusion, the scaling of AHE in the epitaxial and polycrystalline γ′- 
